Hepatitis B virus (HBV) infection is still a severe health problem in the world, and chronic hepatitis B (CHB) is the major cause of serious HBV-related complications, including fibrosis, hepatic failure, and hepatocellular carcinoma. It is difficult for CHB patients to achieve complete cure as the currently available antiviral drugs can hardly eradicate covalently closed circular DNA (cccDNA) in the infected liver. Since detecting intrahepatic cccDNA needs invasive procedure, it is urgent to find a noninvasive indicator to reflect the activity of cccDNA. Recently, growing numbers of studies have indicated that serum HBV RNA could be regarded as a new biomarker for CHB activity. In order to illustrate the molecular biology and clinical characteristics of HBV RNA, we systematically reviewed the latest research to summarize the role of HBV RNA in HBV replication and pathogenicity, and to better estimate its potential function as a remarkable biomarker in clinical application. Meanwhile, we will also point out the deficiencies of current research, and discuss the future direction of HBV RNA study.
INTRODUCTION
Hepatitis B virus (HBV) infection is one of the most common communicable diseases, with over 240 million people chronically infected all over the world [1] . Chronic hepatitis B (CHB) is the major etiological cause of developing serious liver complications, such as cirrhosis, hepatic failure, and primary hepatocellular carcinoma. Although the application of anti-HBV drugs [i.e., nucleos(t)ide analogues and pegylated interferon (peg-IFN)] can effectively suppress HBV replication and decrease the occurrence of corresponding complications, still more than 680,000 patients die of the fatal consequences of CHB every year [2] . The proportion of cirrhosis and liver cancer caused by HBV infection is about 30% and 45% worldwide. In China, the proportion is 60% and 80%, which is much higher [3] . Therefore, it is urgent to acquire a better understanding of virus-host interaction to develop new therapeutics that increases the HBV cure rate.
HBV is an enveloped DNA virus which contains a 3.2 kb circular, partially double-stranded DNA genome. HBV establishes its genome as a covalently closed circular DNA (cccDNA) in the nucleus of the infected hepatocytes [4] . In the life cycle of HBV, the transcription of cccDNA to generate HBV mRNA is the beginning of HBV replication and the key factor for the continuous infection. Therefore, cccDNA is the most direct evidence of HBV infection and replication in vivo. Since the detection of cccDNA counts on biopsy, which is an invasive procedure, it is warrant to find some serum biomarkers that reflect the activity of intrahepatic cccDNA. The cccDNA is transcribed to 5 mRNAs during the viral replication. One of these transcripts, the pregenomic RNA (pgRNA) is not only the template for reversing transcription of viral DNA but also the coding mRNA for core protein and polymerase of HBV (pol) [5] . Recently, an increasing number of studies suggest that the HBV RNA can also be detected in serum. Circulating HBV RNA is HBV pgRNA and it may be used as a new serum biomarker for HBV infection, treatment and prognosis [6] [7] [8] . Thus, further comprehension of HBV pgRNA may provide new horizon for the better understanding the virushost interaction and the development of new HBV therapeutics. In this paper, we will review the current knowledge on the clinical significance of HBV RNA and its biological impact on host liver cells.
THE ORIGIN AND NATURE OF HBV RNA
The life cycle of HBV begins with the invasion of viral particles containing a 3.2-kb long partially double-stranded genome called relaxed circular DNA (rcDNA) into the hepatocytes through the sodium taurocholate co-transporting polypeptide (NTCP) receptor. The rcDNA is converted into cccDNA when coming into the nucleus [9] . The cccDNA plays a role as the transcription template for all the viral transcripts, involving the 3.5 kb pgRNA and precore mRNA (pre-C RNA), the 2.4 kb and 2.1 kb surface mRNAs, and a 0.7 kb X mRNA [10] . Among the 5 HBV mRNA, pgRNA not only serves as the template for reverse transcription of HBV, but also is the template for translation of pol and core proteins [11] . The 5'-ε region of pgRNA has the ability to combine with the pol. Once combined, they are packaged into viral capsid [12] . And inside the capsid, with the assist of the pol, pgRNA produces rcDNA through reverse transcription. Since newly created viral capsids can re-infect the nucleus, a small part of the newly formed rcDNAs re-enter into the nucleus to replenish the cccDNA pool. The remaining capsids are enveloped by the viral surface protein and released as Dane particles to infect new cells [13] . A recent research shows that HBV RNA can be detected in the serum of CHB patients, especially in those who have been taking antiviral drugs for a long time with their serum HBV DNA low or even undetectable. The research also revealed that serum HBV RNA is pgRNA which was presented in the virion-like particles, and serum pgRNA is produced by the transcription of cccDNA inside the hepatocytes [8] . The discovery of HBV RNA virion-like particle may complete the traditional life cycle of HBV infection. In theory, after the encapsidated pgRNAs get into hepatocytes, the reverse transcription to form rcDNA and cccDNA might be restarted, and this process eventually leads to HBV re-infection. However, more and stronger evidences are needed to prove the infection potential of HBV RNA virion-like particles.
ROLES OF HBV RNA IN HBV-ASSOCIATED DISEASES
HBV RNA not only is the template for both viral DNA reverse transcription and viral protein synthesis, but also plays a crucial role in the pathogenesis of HBV-associated diseases. Recently, many studies reveal that HBV RNA itself contributes to the progression of HBV-associated diseases through direct and indirect ways [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Nucleos(t)ide analogues (NAs) exerts its antiviral function through inhibiting the reverse transcription of HBV. As cccDNA is unaffected and its transcriptional activity remains, the formation of HBV RNAs continues. Therefore, in some CHB patients, although HBV DNA was maintained at extremely low level by anti-HBV drugs, serious HBV-related complications still occurred.
HBV RNA and CHB
Persistent infection of HBV is the main cause of CHB, and continuous virus replication will eventually results in the inflammation and fibrosis of liver, which is the key characteristic of CHB. The effect of HBV RNA on HBV replication other than serving as reverse transcription template is poorly understood by now. However, HBV RNA may facilitate viral replication through deregulating the functions of host microRNAs. For example, one of the micro RNAs which is highly and specifically expressed in hepatocytes, miR-122, inhibits the replication of HBV in the liver. It has been reported that HBV RNA could act as sponges to bind and sequester endogenous miR-122, then the down-regulated expression or decreased function of miR-122 would increase level of cyclin G1, which further represses the expression of p53, leading to upregulation of HBV transcription via blocking specific combination of p53 with HBV enhancer elements [14, 16] . It also has been reported that the miR-15 family might regulate HBV replication. The overexpression of the miR-15 family members, miR-15a and miR-16-1, inhibits HBV replication. As HBV RNA can sequester these miRNAs, cyclin D1, the target of miR-15a and miR-16-1, is up-regulation, which makes a significant contribution HBV replication [17] . Furthermore, the viral-derived miRNA, miR-3, suppressed the transcription of pgRNA and HBc protein translation by targeting the 3.5-kb transcript of HBV [18] . Yang et al. [18] thought that the inhibition of HBV replication might contribute to the development of persistent infection in CHB patients. However, more and further studies are need to verify his hypothesis.
HBV RNA and hepatic fibrosis
The cycle of continuous inflammation caused by viral replication and self-repairing of hepatocytes leads to the accumulation of extracellular matrix proteins, and eventually results in the development of fibrosis. The transforming growth factor-β (TGF-β) pathway and nuclear factor-κB pathway together play an important role in the process of liver fibrosis. As mentioned above, miR-122 is down-regulated through sequestration caused by the role of HBV RNA as miRNA sponge in HBV-infected liver [14] . The altered expression of miR-122 activates the synthesis of collagen via the TGF-β pathway, which participates in the liver fibrosis process [19] . Furthermore, the study of Sato et al. [20] indicated that the inflammatory factors induced by the 5'-ε region of HBV pgRNA may aggravate the degree of inflammation and exacerbate the fibrosis of liver.
HBV RNA and hepatocellular carcinoma
Although the direct relationship between HBV RNA and the occurrence of hepatocellular carcinoma (HCC) has not been reported so far, the study of Wang et al. [6] showed that serum HBVRNA level correlates with the intrahepatic HBVRNA level, and serum HBVRNA level reflects the severity of histological changes and is associated with liver disease progression during NAs therapy, even in the CHB patients whose viral replication is suppressed. This means that serum HBV RNA is associated with the degree of intrahepatic inflammation and may be used as a new biomarker for reflecting hepatocarcinogenesis, especially in the CHB patients whose serum HBV DNA is suppressed by NAs therapy. It has also been reported that the 5'-ε region of HBV pgRNA induces the production of interferons and inflammatory cytokines in hepatocytes, which may lead to histological changes and the aggravation of fibrosis [20] . As we all know, the cirrhosis caused by liver fibrosis is a precancerous lesion of HCC.
These results together show that HBV RNA itself might promote the occurrence of HCC, at least to some extent. Moreover, the study of Halgand et al. [7] showed that HBV pgRNA is detectable more frequently in HCC non-tumor tissues (90%) than in HCC tumor tissues (67%). When detectable in both compartments, the level of pgRNA was higher in non-tumor tissues than in tumor tissues. And the detection of pgRNA in tumour was correlated to the absence of tumorous microvascular invasion and better survival of patients. The results of microarrays and analysis of gene expression profiles showed that pgRNA positive HCCs were characterized by lower expression of cell cycle and DNA repair markers, and higher expression of the HBV receptor NTCP, which indicates a well-differentiated tumor. The replication of HBV in HCC may represent a sub-type of weakly invasive and hyper-differentiated HCC [7] . The possible mechanism of this phenomenon might be because the high metabolic status in poorly differentiated HCC is not suitable for the survival of HBV. Furthermore, it has also been reported that the circulating HBV RNA may be used as a biomarker for predicting the occurrence of HCC [21, 22] . HBV RNA, as miRNA sponge, can also promote the carcinogenesis of HCC by sequestration of host miRNAs. For example, HBV RNA could bind and sequester endogenous miR-122 through sponge adsorption, which upregulates PTTG1-binding protein and promotes the growth and invasion of HCC [14] . miRNA let-7 family is considered as tumor suppressors miRNAs. The expression of miRNA let-7 family is decreased in HCC, and it inhibits the progression of HCC via suppressing oncogenic targets, such as LIN28B, HMGA2 and c-Myc. Studies have demonstrated that let-7 family miRNAs (e.g., let-7a and let-7g) could be adsorbed and sequestered by HBV RNA, resulting in the promotion of tumorigenesis of HCC [15, 23] .
CLINICAL SIGNIFICANCE OF HBV RNA
In most CHB patients, the application of NAs potentially decreases HBV DNA and is associated with HBV induced complications. However, as the function of NAs is blocking HBV reverse transcription, the cccDNA is unaffected. The formation of pgRNA and the produce of HBV proteins would still continue in a long period of time. Hence cccDNA is the ultimate root of HBV replication. Since detecting cccDNA depends on liver biopsy, serum biomarkers reflecting the intrahepatic cccDNA activity are warranted. Giersch et al. [24] found that levels of serum pgRNA significantly correlated with hepatocyte pgRNA levels in humanized uPA/SCID/beige (USB) mouse model of HBV infection treated with NAs and peg-IFN-α, while in untreated HBV-infected mouses, serum pgRNA levels not only apparently correlated with hepatocyte pgRNA levels, but also clearly correlated with intrahepatic ccccDNA levels, indicating that serum pgRNA might serve as a useful clinical indicator to estimate the intrahepatic activity of cccDNA in HBV-infected patients [24] . Recently, more and more studies suggested that the pgRNA can be detected in serum and it may serve as a potent serum biomarker for reflecting the dynamic change of HBV replication.
Evaluating the efficacy of CHB patients receiving NAs therapy
During NAs therapy, it is important to monitor the dynamics of serum HBV DNA for assessing the virological response (VR) of CHB patients. According to clinical practice guidelines, VR is defined as serum HBV DNA being under the lowest limit of detection during NAs treatment, and that has been regarded as withdrawal indication of NAs therapy [3, [25] [26] [27] . However, the virological rebound and hepatitis relapse often occurred when CHB patients discontinued the application of NAs. As mentioned above, the existence and transcription of cccDNA cannot be affected by NA. So merely detecting serum HBV DNA may not completely reflect the activity of cccDNA in CHB patients under NAs therapy. As HBV pgRNA can be detected in serum and its level reflects the transcriptional activity of intrahepatic cccDNA [6] , it is more valuable to detect both serum HBV pgRNA and serum HBV DNA than detecting serum HBV DNA alone when it comes to the better prediction of VR during NAs therapy. A growing number of studies have inferred that serum HBV RNA can be a useful marker for evaluating the efficacy of antiviral therapy [28] [29] [30] [31] . Huang et al. [31] demonstrated that in CHB patients receiving NAs therapy, the low serum HBV RNA levels at week 12 of treatment could predict the initial VR. Another related study revealed that in HBeAg-positive CHB patients treated with NAs, baseline serum 3' full-length polyadenylated HBV RNA (flRNA) expression level could predict HBeAg seroconversion, and the decline of serum HBV RNA also showed a higher possibility of HBeAg seroconversion compared with HBV DNA and HBsAg during antiviral treatment [29] . Although these studies mentioned above showed that serum HBV RNA may have great potential to act as a supplementary biomarker for judging the effect of antiviral therapy, it remains unclear whether serum HBV RNA is superior to existing biomarkers, or whether it can replace other biomarkers for the same clinical applications.
Monitoring safe discontinuation of NA-therapy in CHB patients
As HBV cccDNA cannot be completely cleared during NAs therapy, most CHB patients have been suffering from virological rebound and HBV relapse, making it difficult to decide the timing of NAs therapy withdrawal. So, the majority of CHB patients have to receive NAs therapy for a long time, even their entire lifetime, which aggravates the financial burden for both the patients and the society [26, 27] . As mentioned above, serum HBV RNA could be regarded as a potential indicator for cccDNA activity, so the vanishment of serum HBV RNA may represent the transcription silence of cccDNA. Therefore, serum HBV RNA could serve as a potential predictable marker for safe withdrawal of NAs therapy [24, 32] . A study on 36 CHB patients treated with NAs for at least 6 months revealed that after discontinuation of NA therapy for 24 weeks, their HBV DNA and HBV RNA titer on the third month of treatment was significantly associated with HBV DNA rebound and alanine aminotransferase rebound [33] . Another study of 33 CHB patients who had received NAs treatment for at least 3 years and whose serum HBV DNA was undetectable afterwards showed that all patients with HBV RNA positive experienced virological rebound at the end of treatment after withdrawal of NAs for 24 weeks, while virological rebound occurred in only 25% of patients with negative serum HBV RNA [8] . However, as the sample size of these studies and the follow-up time are insufficient, additional studies with larger sample size and longer follow-up time are needed to further verify whether HBV RNA can be used as a predictive biomarker to reflect the rebound of HBV after discontinuation of antiviral treatment.
To assess the prognosis of HBV-associated HCC
Few studies have reported the relationship between HBV RNA and the prognosis of HBV-associated HCC. A recent study on 99 HBsAg-positive, virologically suppressed patients treated by tumour resection or liver transplantation indicated that HBV pgRNA was detectable more frequently in non-tumor (55/61; 90%) than in tumor samples (40/60 (67%); P < 0.01). When detectable in both compartments, the levels of pgRNA were slightly higher in non-tumor than in tumor samples. Moreover, the detection of pgRNA in HCC is significantly associated with lower incidence of vascular invasion and better survival rate. HCC expressing higher HBV pgRNA may represent a kind of well differentiated, less-proliferative and low-invasive HCC subtype [7] . Therefore, HBV pgRNA might be used as a new biomarker for assessing the prognosis of HCC. However, in consideration of the insufficient sample size of this study, further research is still needed. Moreover, serum circulating HBV RNA may act as a biomarker for predicting the occurrence of HCC, which needs further study [21, 22] .
THE MEASUREMENT OF HBV RNA
For the first time, Kock et al. [34] successfully detected the HBV RNA in the serum of CHB patients through the method of rapid amplification of complementary DNA (cDNA)-ends (RACE) in 1996.The specific primer with a special anchored sequence was used to form cDNA after the extraction of HBV RNA from CHB patient serum. To ensure the high specificity for HBV RNA amplification, cDNA was amplified by PCR with HBV-specific forward primer and the reverse primer which is identical to the special anchored sequence. Since then, similar methods have been used to detect intrahepatic and serum HBV RNA in CHB patients [35, 36] . Using unique primers designed for reverse transcription, Kairat et al. [37] developed RACEbased real-time quantitative PCR to specifically quantify serum 3' flRNA and 3' internally truncated polyadenylated HBV RNA later. Conventional RT-qPCR method with HBV-specific primers was also used to quantify intrahepatic and serum HBV RNA. However, DNase I pretreatment of the nucleic acids extracted is necessary to avoid DNA contamination before RT-qPCR [7, 8] . Recently, super-sensitive droplet digital PCR was used to quantify serum HBV RNA by Wang et al. [6] with HBV-specific primers. Collectively, many methods can be used to detect and quantify HBV RNA. 
CONCLUSION
In this review, we summarized the current progress and knowledge on the role of HBV RNA in HBV replication and pathogenicity. As mentioned above, HBV RNA may reflect the activity of intrahepatic cccDNA, even in CHB patients whose HBV DNA is maintained at low or undetectable levels through long-term antiviral therapy. And HBV RNA might play an important role in viral replication, promoting cirrhosis, and hepatocarcinogenesis. Moreover, serum HBV RNA has the potential of evaluating the efficacy of anti-viral drugs and predicting safe discontinuation of NA-therapy. And the intrahepatic HBV pgRNA could be used for assessing the prognosis of HCC. Therefore, HBV RNA possesses great potentials to be a new surrogate or complementary biomarker for HBV DNA in CHB patients. However, more research concerning the molecular biology of HBV RNA and more multi-centered and large-scale cohort studies should be conducted to assess and testify the feasibility and safety of HBV RNA as a novel biomarker for CHB in the future. Moreover, better understanding of HBV RNA will also provide new methods and strategies for anti-HBV therapy.
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